ABSTRACT: Multiple assessments are used clinically after total knee arthroplasty (TKA) including self-report, performance tasks, and physical activity levels. It is unclear if these different functional assessments are interchangeable or if they measure different constructs. The objective of this study was to characterize different functional measures before and after TKA. We characterized function before and after TKA using perceived function (KOOS ADL), physical performance (gait speed), and daily activity (steps/day via accelerometry); compared function in people undergoing TKA to age-matched healthy controls; and examined characteristics of those undergoing TKA for potential predictors of postoperative function. Prior to TKA, all three functional assessments were significantly lower for participants than those of healthy controls and each measure remained lower for participants than for controls postoperatively. All three functional assessments developed differently over time postoperatively. Each functional outcome had a unique set of predictors. Perceived function was predicted primarily by anxiety and depression, physical performance was most strongly predicted by age, and daily activity was chiefly predicted by BMI. Pressure pain threshold was a common predictor across all models. Keywords: physical activity; gait speed; function; disability; quality of life Total knee arthroplasty (TKA) improves pain, function, and quality of life in patients with knee osteoarthritis (OA).
Total knee arthroplasty (TKA) improves pain, function, and quality of life in patients with knee osteoarthritis (OA). 1 Although these self-reported measures demonstrate substantial reductions in perceived function in people with knee OA, it is unclear if these perceived functional deficits represent actual deficits in physical performance or daily activity. 2 Perceived function does not directly assess physical performance nor does it measure activity levels outside of the clinic. Clinical function measures, like gait analysis, have been proposed as a proxy for physical activity levels; but do not correlate well with activity levels. 3 Accelerometry, which directly assesses physical activity, is frequently used in people with and without disease and may better assess day to day function. 4 Functional outcomes after TKA are influenced by multiple factors. Females have worse perceived function, physical performance, step count, and pain before and after TKA. [5] [6] [7] More obese people have significantly worse perceived function and take fewer steps after TKA. 7, 8 Depression and pain catastrophizing predict worse self-reported function after TKA. 9, 10 While the effects on perceived function have been well studied, changes in physical performance and daily physical activity are unclear. It is unknown if the same factors mediate these different functional outcomes.
We explored three aims using three different functional measures: A self-report of perceived function, a clinical assessment of physical performance, and accelerometry to assess daily activity levels. First, we compared perceived function and daily activity in a subset of clinical participants before and after TKA to age-and sex-matched healthy controls. We hypothesized participants with knee OA would have significant functional impairments preoperatively compared to healthy controls and that these differences would normalize 6 months after TKA. Second, we evaluated perceived function, physical performance, and daily activity over time after TKA. We hypothesized TKA would significantly improve all three functional outcomes similarly over time. Finally, we examined which preoperative factors predicted perceived function, physical performance, and daily activity 6 weeks and 6 months after TKA. We hypothesized age, sex, BMI, pain, and psychosocial factors would predict each functional outcome similarly. 
METHODS

Study Design
This is a case-control study, level of evidence III.
Participants
Two groups of participants were recruited. Patients scheduled for unilateral TKA for primary knee OA were recruited at the University of Iowa Hospitals & Clinics as part of the TANK (TENS After New Knee) study: A large, randomized clinical trial to examine the effects of TENS (Transcutaneous Electrical Nerve Stimulation) on postoperative knee pain (NCT01364870).
11 TENS is a non-pharmacologic pain control modality. 12 This study is a secondary analysis of data from the TANK study. Participants from the TANK study were pooled, as there were no significant differences in outcomes between groups in that study. 11 Details of the recruitment of this sample is described elsewhere. 11 Potential participants in this larger study were approached if they were undergoing TKA for primary knee OA. Briefly potential participants were excluded if they had a chronic pain condition other than knee OA, were not na€ve to TENS, or had a condition that limited their participation ability to participate such as having a history of stroke or being wheelchair-bound. In the initial study, 40% of those excluded were excluded for prior exposure to TENS, 18% for contraindication to TENS, 17% for comorbid chronic pain condition, and 25% for limited ability to participate including CNS impairment, sensory impairment, incarceration, and being wheelchair-bound. 11 The first 62 participants recruited were used as a basis for matching the control sample. Sixty-seven age-and sexmatched healthy adults were recruited. Five of these participants withdrew, for a total of 62 participants. These control participants were recruited using advertisements in the community. People with diagnosed knee arthritis, chronic pain, or receiving treatment for knee pain were excluded. Four potential participants were excluded: Two were outside the matched age range and two had chronic pain conditions. The University of Iowa Institutional Review Board approved this study and informed consent was obtained from all participants.
Assessments
Three function measures were assessed as primary outcomes: Perceived function was assessed using the Knee injury and Osteoarthritis Outcome Score (KOOS) Activities of Daily Living (ADL) score; physical performance was assessed in the clinic using a timed gait speed test, and daily activity was assessed by average steps/day using accelerometry. The KOOS is valid and an instrument of choice in knee OA populations. [13] [14] [15] The KOOS ADL score has the highest construct validity compared to the SF-36 physical function score for older adult and knee OA populations compared to the other subscores. 16 Physical performance was measured with a 15 s gait speed test. This test is valid and has fair reliability in people after arthroplasty. 17 Daily activity was recorded with an accelerometer (PAL Technologies Ltd., Glasgow, Scotland). This is a 15 g, single axis accelerometer with a sampling frequency of 10 Hz. Data from this accelerometer includes step count (although the device is worn unilaterally), cadence, as well as time spent sitting or lying, time spent standing, and time spent walking. Data from this accelerometer have been demonstrated to be a valid measure of walking and activities of daily living (ADLs) in healthy people as well as in older adults with normal and impaired function (ICC 0.79 to >0.99). [18] [19] [20] Participants were asked to wear the accelerometer taped to their anterior thigh, halfway down the thigh, continuously for 1 week, only removing it when bathing. Participants were instructed to go about their normal activities and avoid being more or less active than normal. Only complete days of accelerometer data were used and average steps/day was calculated. Other aspects of daily activity from the accelerometer data, such as estimated MET level, time sitting, or steps at a given cadence, were not used in favor of steps/day as step count offers an unambiguous measure of activity that is easily compared between devices.
Other assessments included active knee range of motion (ROM), pain with ROM and gait speed testing, quality of life, depression screening, state and trait anxiety, pain catastrophizing, and mechanical pain sensitivity. Active knee flexion and extension ROM was assessed by goniometry, which has adequate validity and reliability. 21 Knee flexion ROM was treated dichotomously: Functional flexion was defined as at least 100˚and non-functional flexion as <100˚. Pain was assessed using a 21-point numeric rating scale. This scale is valid and reliable in older adults. 22 Quality of life was assessed with the SF-36 Physical Components Summary (PCS) score. 23 Depression was screened with the Geriatric Depression Scale (GDS). 24 Depression screening was treated dichotomously: Positive or negative screening. Anxiety was assessed with the State-Trait Anxiety Index (STAI). 25 The STAI is widely used and has been previously used in older adults undergoing knee surgery. 26 Pain catastrophizing was assessed using the Pain Catastrophizing Scale (PCS). 27 Pain sensitivity was assessed with pressure pain threshold (PPT); a pressure algometer (Somedic AB, Farsta, Sweden) with a 1 cm 2 probe was used to assess the onset of pain to a pressure stimulus. This is further described in detail elsewhere.
11
Protocol
Patients scheduled for TKA were approached for recruitment at the time of their preoperative work-up. Informed consent was obtained. KOOS ADL, gait speed, BMI, knee ROM, pain with ROM, pain with gait speed, SF-36, depression screening, STAI, PCS, and PPT were all assessed that day. Participants were issued an accelerometer and instructed to wear the accelerometer for the next week. The participants returned the accelerometer at the time of their surgery. After surgery all participants were prescribed a standardized strengthening and stretching exercise protocol during their hospital stay. All participants were directed to continue with this exercise program twice daily after discharge. Additionally, after discharge, all participants were prescribed physical therapy to be completed locally. A standardized active rehabilitation program was recommended, but the details of this rehabilitation were left to the discretion of the treating physical therapist. At the participant's 6-week and 6-month follow-up visits knee ROM, gait speed, pain with ROM and gait speed testing, KOOS ADL, SF-36, depression screening, STAI, PCS, and PPT assessments were repeated. They were again issued an accelerometer to wear for the next week and return via mail.
People interested in participating as controls were sent a package with a letter containing all the elements of informed consent approved by the University of Iowa Institutional Review Board, instructions, KOOS, accelerometer, and a postage paid return envelope. Participants were instructed to wear the accelerometer for 1 week and return it and the completed survey via mail at the end of the week. BMI and gait speed testing data were not collected for the control group as all communication was done remotely.
Data Analysis
Data from the primary study were utilized on a per protocol basis to clearly assess postsurgical changes in functional assessments.
Accelerometer data were cleaned by removing incomplete data using the following guidelines. Any incomplete days of data, where the device recorded for less than 24 h were excluded. Any days of data where there were 24 h of static positioning were excluded under the presumption that the accelerometer was not worn. Days where the data demonstrated more than six continuous hours of inactivity were compared to the participant's wear log. Six hours was used as a cut off to accommodate sedentary activity. If this day was the first or last day of wear, or the participant indicated having the accelerometer off for a period of time, these days were interpreted as incomplete data and were excluded.
KOOS ADL and average steps/day were compared between the initial subset of TKA participants and the matched controls using independent t-tests with a Bonferroni correction. KOOS ADL, gait speed, and average steps/day within the TKA group were compared over time using repeated measures ANOVA and post hoc paired t-tests with a Bonferroni correction. A p < 0.05 was considered significant.
Bivariate correlations between each dependent variable at both postoperative assessments and each potential predictor were assessed using Pearson correlation coefficients for continuous variables and t-tests for categorical variables. Potential preoperative predictors included age, sex, BMI, depression screening, state and trait anxiety, pain catastrophizing, knee flexion ROM category, pain with knee flexion, pain with knee extension, pain with gait speed testing, PPT, and SF-36 PCS scores. Those with correlations p < 0.1 were included in linear regression analyses to avoid excluding any possible predictors of function. Preoperative functional assessment scores were not included in regressions to avoid excluding potential predictors of postoperative function. KOOS ADL, gait speed, and average steps/day were used as dependent variables at both time points. Six linear regression models were constructed to explain the variability in each of the three function assessments at both follow-up visits. Multiple regression techniques, including forward and backward selection, were used to develop the best-fit model. Collinear variables were excluded by using only the most predictive variable.
RESULTS
A total of 317 people with knee OA were recruited prior to TKA. A sample of 62 healthy controls age-and sex-matched to the initial 62 TKA participants were also recruited (Table 1) . Further demographic data for this clinical sample are described elsewhere. 11 Over the course of the primary clinical trial, 66 participants were lost: 47 withdrew and 19 had complications that excluded them from continued participation. There were no differences between these participants and those who continued on in the study. 11 The subset of clinical participants that was matched was not different from the rest of the clinical sample in terms of demographics or any of the function measures at any of the time points (all p > 0.05). All participants wore the accelerometers for similar amounts of time and had similar days of useable data. At the preoperative assessment, participants had 5.6 AE 2.0 (mean AE SD) days of useable data, 5.1 AE 1.5 days at 6 weeks, and 5.2 AE 2.3 days at 6 months. Control participants had 5.0 AE 1.4 days of useable data. 
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p < 0.001; Fig. 1) . Similarly, the average steps/day was significantly higher for the healthy controls than in the matched clinical sample at all three assessments (preoperative: 5500 AE 2932, 6 weeks: 3856 AE 2239, and 6 months: 5822 AE 2825; t-tests with Bonferroni correction, all p < 0.001; Fig. 2 ). Further differences in accelerometry data between the healthy controls and the clinical sample are presented in the supplement.
Function Before and After TKA There were significant differences in KOOS ADL score, gait speed, and steps/day over time, Table 2 . KOOS ADL scores improved significantly at each time point. Average steps/day were significantly lower at the 6-week assessment compared to preoperative and 6-month assessments. The 6-month assessment was not significantly different from the preoperative assessment. Gait speed was no different at the 6-week assessment compared to the preoperative assessment. However, gait speed was significantly improved at the 6-month follow-up compared to both preoperative and 6-week assessments.
Predictors of Function
Correlations between each predictor variable and each functional outcome are presented in Table 3 . Variables with stronger correlations (p < 0.1) were considered for regression analyses. KOOS ADL and SF-36 PCS likely assess the same construct, so SF-36 PCS was excluded from this portion of the analysis. Trait and state anxiety were significantly correlated with each other and trait anxiety had the strongest correlations with all functional outcomes, so it was used in the regression analyses. Regression results are presented in Table 4 and outlined below.
Predictors of Perceived Function
Negative depression screening, functional knee flexion (100˚or greater), less pain with flexion, lower trait anxiety, and higher PPTs preoperatively predicted better perceived function at 6-week follow-up. This model explained 21.2% of the variance in KOOS ADL scores (Table 4) . Female sex, negative depression screening, functional knee flexion (100˚or greater), lower BMI, lower trait anxiety, and higher PPTs preoperatively predicted better perceived function at 6-month follow-up. This model explained 25.0% of the variance in KOOS ADL scores at that time (Table 4) . Trait anxiety was the strongest predictor of perceived function at 6 weeks and 6 months ( Table 5 ).
Predictors of Physical Performance
Male sex, lower age, functional knee flexion (100˚or greater), lower BMI, higher perceived physical quality of life, and higher PPTs preoperatively predicted higher gait speed at 6-week follow-up. This model explained 25.0% of the variance in gait speed testing (Table 4) . Younger age, functional knee flexion (100˚or greater), lower BMI, higher perceived physical quality of life, and higher PPTs preoperatively predicted higher gait speed at 6-month follow-up. This model explained 36% of the variance in gait speed at the 6-month assessment (Table 4) . Age was the strongest predictor of physical performance at 6 weeks and 6 months ( Table 5) .
Predictors of Daily Activity
Negative depression screening, lower BMI, higher perceived physical quality of life, and higher PPT preoperatively predicted greater daily step count at 6-week follow-up. This model explained 30.5% of the variance in daily step count at the 6-week assessment (Table 4) . Negative depression screening, lower BMI, and higher PPT preoperatively predicted greater daily step count at 6-month follow-up. This model explained 22.0% of the variance in daily step count at the 6-month assessment (Table 4) . BMI was the strongest predictor of daily activity at 6 weeks and 6 months ( Table 5) . 
PREDICTORS OF FUNCTION AFTER TKA
In summary, the strongest predictors of each functional assessment were different. Anxiety was the strongest predictor of perceived function, age was the strongest predictor of physical performance, and BMI was the strongest predictor of daily activity. The only predictor present across all of models was PPT.
DISCUSSION
The current study shows the limited agreement of different functional outcomes after TKA. Perceived function, assessed by KOOS ADL score, improved significantly both 6 weeks and 6 months postoperatively. This improvement at each time point was not seen in the other, more objective, measures of function. Physical performance, assessed by gait speed, only improved 6 months after TKA. Daily activity, assessed by steps/day with accelerometry, decreased after arthroplasty and only returned to preoperative levels at 6 months. Perceived function and daily activity were lower in participants undergoing TKA than healthy controls both preoperatively and during the observed postoperative course.
Function is an important outcome that determines a person's ability to return to work and normal daily activities after TKA. 28 Our data suggest that functional outcomes differ depending on what sort of functional measure is assessed. From these data, we propose three different categories of function. The first is perceived function measured by self-report. The second is physical performance measured by clinical functional assessment such as gait speed testing or a six-minute walk test (6MWT). The third is daily physical activity measured by accelerometry. Each of these provides a unique measure of a person's functional ability and capacity.
Few studies have focused on the predictors of function or disability as the primary outcome postoperatively. While preoperative pain is a significant predictor of postoperative pain, pain with activity was not a predictor of functional outcomes 6 months postoperatively. 29 Prior studies show that perceived function after TKA is predicted by BMI, sex, and preoperative function while functional tasks like the six-minute walk test are predicted by quadriceps strength. [30] [31] [32] Another study 
Pearson correlation or mean (SD) and t-test. Bolded relationships (p < 0.1) were considered in regression analyses. Ã KOOS ADL and SF-36 PCS correlations were not assessed.
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suggested that there are differences in steps/day after TKA between sexes. 7 We extend these findings by examining multiple functional outcomes in the same sample and examining potential predictors across multiple domains. Knowing these predictors lead us to focus on the modifiable factors of BMI, pain, and psychological factors to facilitate better outcomes for patients.
BMI and Function
BMI was a predictor of daily activity and gait speed, suggesting weight is an important variable influencing function. Higher BMI was the strongest predictor of lower steps/day 6 weeks and 6 months after TKA agreeing with prior work in healthy individuals and in individuals with late-stage knee OA. 6, 33 Further, obesity is associated with worse perceived function and higher rates of complication after TKA. 8, 34 BMI of 30 or greater has been associated with taking fewer daily steps after TKA compared to people with BMI under 30. 7 In obese individuals, walking distance on the 6MWT is negatively correlated with BMI and explains a significant portion of the distance walked. 35, 36 Together these data suggest 
Pain and Function
Preoperative PPTs were a common predictor across all functional outcome measures suggesting that pain sensitivity prior to surgery can influence function postoperatively. Most studies to date have examined the influence of pain sensitivity on pain outcomes; few have focused on the influence of pain sensitivity on function. Naugle and Riley 37 showed that self-reported physical activity levels in healthy individuals predicted lower pain sensitivity showing an interaction between function and pain sensitivity. Further, preoperative contralateral knee pain is associated with poor function after TKA: people reporting the highest pain severity had 4.1 times higher risk of poor function. 38 Thus, enhanced pain sensitivity and widespread pain predict worse pain and function after TKA.
Psychological Factors and Function
A recent systematic review reported worse preoperative mental health as a strong predictor of worse perceived function after TKA.
39 Surprisingly, there was limited evidence to support other psychological constructs, such as depression and anxiety, impacting function after TKA in the same systematic review. 39 However, one study by Brander and colleagues found depression and anxiety to be associated with lower perceived function one year after TKA supporting our findings that anxiety influences perceived function. 9 The current study also found depression to be a significant predictor of physical activity; which agrees with large population studies showing physically inactive individuals have a greater risk of developing depression. 40, 41 The current study showed no influence of psychological factors on physical performance. This is in contrast to other studies where depressed patients did worse on the 6MWT in an OA population. 42 However, in people with OA, depression was more strongly correlated to perceived function than physical performance, as we show in the current study. 42 Unique to the current study, we examined multiple potential variables across domains, and examined not only perceived function but also daily activity and physical performance. Thus, psychological status can influence perceived function and daily activity, but has minimal influence on physical performance.
Different Measures of Function Are Unique
Perceived function, daily activity, and physical performance may be different constructs and thus provide unique measures of function in people with OA and after TKA. In support, prior studies have shown no relationship between KOOS ADL scores and 6MWT after TKA, improvements in perceived function with no change in physical activity after TKA, and improvement in 6MWT without change in physical activity post-TKA. [43] [44] [45] Although Brandes and colleagues 46 found improvements in both actual function and perceived function after TKA, they did not demonstrate a correlation between these assessments. Interestingly, physical activity levels do not improve for up to four years after TKA while perceived and physical performance measures of function show continued improvement. 47 These differences may represent an improved capacity for activity, without an actual change in activity level. Daily physical activity levels may represent a learned behavior and might require a comprehensive cognitive-behavioral lifestyle modification approach to achieve an improvement. 48 Given this broad divergence of perceived function, activity levels, and physical performance it is reasonable to use multiple functional assessments clinically to quantify functional status after TKA.
Limitations
Several factors may limit the interpretation of our results. First, there may be an observation bias in the accelerometry data. To mitigate this, we instructed participants to perform their normal activities while wearing the accelerometer. Additionally, the accelerometer does not capture non-ambulatory activity such as swimming. Also anthropomorphic data were not collected on the controls, so it is not clear if differences between groups exist here. All of the participants were recruited from one US academic medical center and may not be representative of other populations, and thus may limit the generalizability of our conclusions. Further, as the participants in the group undergoing TKA were enrolled in a trial assessing the effectiveness of TENS, there may be other factors associated with our exclusion criteria or the participant's willingness to participate in an intensive clinical trial that may also limit the generalizability of our conclusions.
Clinical Implications
Many of the factors that influence functional outcomes are modifiable and could be part of a comprehensive interventional program to optimize function after TKA. These include BMI, pain, and psychological factors. Weight loss interventions improve perceived and objectively measured function in people with knee OA. 49 Weight loss also decreases the risk for developing OA. 50 Preoperative and perioperative treatment of pain may improve functional outcomes. 51 Lastly, treatment of psychological factors, such as anxiety and depression, preoperatively may improve functional outcomes. Psychological interventions have been demonstrated to improve postoperative pain after arthroplasty. 52 Future research needs to determine if preoperative psychological interventions can improve functional outcomes.
Function after TKA is dependent on multiple factors including age, BMI, pain, and psychological factors. Functional changes observed after surgery are different for different modes of functional assessment. Perceived function improves continuously whereas daily function only returns to preoperative levels and clinical function improves on a separate trajectory. A multifactorial functional assessment is needed to comprehensively assess postoperative functional outcome. Future work should target these modifiable factors (BMI, pain, and psychological factors) to improve functional gains after TKA.
